The previously identified dendritic cell-derived ubiquitin-like protein (DC-UbP) was implicated in cellular differentiation and apoptosis. Sequence alignment suggested that it contains a ubiquitin-like (UbL) domain in the C terminus. Here, we present the solution NMR structure and backbone dynamics of the UbL domain of DC-UbP. The overall structure of the domain is very similar to that of Ub despite low similarity (<30%) in amino-acid sequence. One distinct feature of the domain structure is its highly positively charged surface that is different from the corresponding surfaces of the well-known UbL modifiers, Ub, NEDD8, and SUMO-1. The key amino-acid residues responsible for guiding polyubiquitinated proteins to proteasome degradation in Ub are not conserved in the UbL domain. This implies that the UbL domain of DC-UbP may have its own specific interaction partners with other yet unknown cellular functions related to the Ub pathway.
that of Ub (Schwartz and Hoschstrasser 2003) . UBLs exist either in a free form or attached covalently to other proteins by their C termini. The conjugation pathways for UBLs closely resemble that for Ub. The class II UDPs contains a domain homologous to Ub as part of an often large, multidomain overall structure. In contrast to UBLs, UDPs are not conjugated to other proteins but implicated in interaction with other regulatory proteins (Jentsch and Pyrowolakis 2000) .
Recently, studies about UBLs mainly focus on SUMO, NEDD8, Apg12, and UCRP/ISG15. Post-translational modification with the UbL protein SUMO is involved in transcriptional regulation and genome surveillance (Muller et al. 2004 ). NEDD8 modification is involved in cell cycle control and in embryogenesis by up-regulating the activities of cullin-based E3 ligases (Pan et al. 2004) . Covalent attachment of Apg12 to Apg5 is essential for autophagy (Mizushima et al. 1998 (Mizushima et al. , 2003 . ISG15 could be conjugated to a variety of proteins when cells are treated with type I interferon or lipopolysaccharide and may be associated with specialized functions in the innate immune system (Kim and Zhang 2003) .
UDPs include a structurally and functionally heterogeneous group of proteins (Jentsch and Pyrowolakis 2000) . Rad23 is involved in DNA repair and protein degradation. The UbL domain of Rad23 possibly mediates the binding of Rad23 to proteasomes (Schauber et al. 1998 ). Dsk2, another UDP, competes with Rad23 for proteasome binding through its UbL domain (Elsasser et al. 2002) . Ubiquilin may be involved in endoplasmic reticulum stress-associated protein degradation through association of its UbL domain with the 19S proteasome subunits (Ko et al. 2004) . UDPs are also involved in the Ub system. For example, UbP6 is a deubiquitinating enzyme (Wyndham et al. 1999) , and Elongin B is a subunit of the CBC Ub ligase (Kamura et al. 2002) . In addition to its UbL domain, parkin possesses a RBR domain composed of two RING fingers plus an IBR/DRIL domain, which may be part of cullin-containing Ub ligase complexes (Marin et al. 2004 ).
In the previous study, a cDNA encoding a UbL protein was identified from dendritic cells (namely, DCUbP) . The UbL domain of DC-UbP shares 28.6% identity and 55% similarity to Ub in the amino-acid sequence. In the present paper, we report the three-dimensional solution structure and backbone dynamics of the UbL domain of DC-UbP solved by NMR spectroscopy. Although the UbL domain and Ub share low sequence similarity, we find that the two proteins take a similar fold. The structure may provide clues for identification of its interaction partners and further exploration of the biological functions of DC-UbP protein.
Results

Structure determination
DC-UbP protein contains a UbL domain (residues 85-190, numbered 1-106) in the C-terminal region. The sequence alignment of the UbL domain of DC-UbP with Ub, SUMO-1, and NEDD8 is shown in Figure 1 . Circular dichroism (CD) study revealed that the UbL domain is compactly folded with possibly a/b structures (data not shown). We then used heteronuclear multidimensional NMR techniques to elucidate the three-dimensional structure of the UbL domain in solution.
A summary of the NMR data used for structure calculation is presented in Table 1 . All 15 final structures converged with no NOE or dihedral angle violation >0.3 Å or 5 , respectively. The average RMSD for the 15 structures within the secondary structure elements of residues Cys24-Val94 (including residues Cys24-Leu30, Lys34-Val40, Val46-Ala56, Arg65-Phe68, Arg71-Pro72, Lys78-Glu81, Val89-Ile93) for Figure 1 . Sequence alignment of the UbL domain of DC-UbP, Ub, NEDD8, and SUMO-1. All the sequences are originated from Homo sapiens. The numerals are labeled according to the sequence of the UbL domain and the secondary structures are displayed based on Ub. T and denote hydrogen-bonded turn and 3 10 helix, respectively. The figures were prepared by using the program ESPript (Gouet et al. 1999) . the backbone atoms and for all heavy atoms are 0.56 and 1.62 Å , respectively. Figure 2 depicts a superimposition of the 15 lowest energy structures and a ribbon representation of one of the 15 NMR structures. Ramachandran plot analysis (Table 1 ) of the domain within the secondary structural elements indicates 82.7% residues in most favored regions and no residues in disallowed regions. Moreover, both termini (residues Met1-Ser20 and Pro101-Asn106) are not included in the structural calculation process for their conformational flexibility. These flexible regions were identified based on diverse structural data: backbone { 1 H}-15 N NOE (Jin et al. 2001; Huang et al. 2003) , CSI (Wishart et al. 1992) , NOE patterns (Cavanagh et al. 1995) , and the Clean SEA-HSQC experiments (Lin et al. 2002) . The peak intensity ratios in the Clean SEA-HSQC experiments indicate the amide solvent-exposed degrees of the UbL domain in DC-UbP (Fig. S1 ), suggesting that, besides N-and C-terminal flexible residues, the residues within the UbL domain such as Thr32, Thr45, Glu60, Ser69-Gly70, Leu73-Asp75, and Glu81 might be also exposed to solvent. These data are in good agreement with the structure determined. The overall fold of the UbL domain in DC-UbP is very similar to that of Ub (Cornilescu et al. 1998 ), NEDD8 (Whitby et al. 1998) , and SUMO-1 (Bayer et al. 1998; Jin et al. 2001 ) despite low similarity in amino-acid sequences. Like Ub, the UbL domain contains a fivestrand b-sheet and two helices. Four strands (b1, b2, b3, and b5) form a main plane, but the b4 strand is twisted against the main plane. Strands b1 and b2 as well as b3 and b5 are anti-parallel aligned, while strands b1 and b5 are parallel. The first a-helix is long (11 residues) and rotates $45 relative to the b-sheet formed by b1 and b2. The second helix is short with only four residues. This arrangement also appears in SUMO-1 and NEDD8. In the UbL domain of DC-UbP, residues Thr32-Gly33 and Glu60-Gly62 are located in loops, which are flexible, as few long-or medium-range NOEs were obtained. Residues Pro85-Asp87 are also flexible, probably due to lack of resonance assignments for residues Pro85 and Lys86.
Backbone dynamics
For the UbL domain of DC-UBP, the relaxation rates for 70 residues (excluding prolines and the resonances that were severely overlapped) out of the 80 residues were obtained (Fig. 3) . The backbone 15 N resonances of flexible residues Met1-Ser20 and Pro101-His114 (including histidine tag) show negative NOE values, (Koradi et al. 1996). which are not shown in the figure. The average heteronuclear NOE value for residues Gly21-Asn100 is 0. , respectively. To better illustrate the backbone dynamics, the plot of R 2 /R 1 ratio as a function of residue number is also shown in Figure 3 . By combining the relaxation data and the structural coordinates (Tjandra et al. 1995) , the ratio of two principal axes (D | /D ? ) of the diffusion tensor for the UbL domain was estimated to be 1.32, suggesting that the domain has the attribute of anisotropic tumbling.
The backbone 15 N relaxation data provide useful information about the internal conformational dynamics of a protein (Bruschweiler 2003) . Residues Gly21, Tyr22, and Gln96 show smaller NOE values than the average. In addition, these residues also exhibit lower R 2 values and higher R 1 values than the respective average. These data indicate that both termini of the UbL domain are conformationally flexible. Within the core structure of the UbL domain, some residues like Cys24, Ser42, Arg51, Gly58, Glu81, and Leu82 exhibit higher R 2 values (also high R 2 /R 1 ) than the average, which are often associated with conformational exchange broadening due to intermediate timescale dynamics. Structurally, residues Cys24, Ser42, Glu81, and Leu82 form a cluster on the surface of the structure of the UbL domain. These cluster residues reside mainly in the N-terminal a2-helix (residues Glu81 and Leu82), the loop linking b2-strand and a1-helix (Ser42), and the N-terminal b1-strand (Cys24). This kind of dynamically specific cluster was also revealed in a cold-shock adaptation protein, RbfA .
Discussion
Although having an overall fold similar to that of Ub, the UbL domain of DC-UbP appears different from Ub in respect to biological function. Being a class II UbL protein, DC-UbP does not possess two conserved Gly residues in its C-terminal UbL domain as that in Ub. In addition, the domain lacks the conserved Lys residues corresponding to Lys29 and Lys48 in Ub, which are responsible for the formation of Ub polymers. The Lys86 residue of the UbL domain is conserved, corresponding to Lys63 in Ub (Fig. 1) , which has recently been found to be involved in activation of NF-kB transcription factor (Chen and Fuchs 2004) . The three residues (Leu8, Ile44, and Val70) of Ub that have been demonstrated to be important for binding to the proteasome are not conserved in the UbL domain of DC-UbP. Instead, these residues are replaced by Ser31, Phe67, and Ile93 in the domain. The difference in the key residues between the UbL domain and Ub implies that DC-UbP protein may own specific interaction partners for its function. Our in vitro pull-down experiments showed that the UbL domain of DC-UbP does not interact with some Ub binding domains, such as UBA (Ubassociated domain) and UIM (Ub interacting motif) (data not shown). The NMR structure of the UbL domain of DC-UbP may provide structural basis for functional annotation of the DC-UbP protein.
Many UbLs and UDPs possess a UbL fold (McNally et al. 2003; Mueller and Feigon 2003; Ramelot et al. 2003; Sakata et al. 2003 ). However, they may have different binding partners and diverse biological function. One distinct feature of the UbL domain of DCUbP is the positively charged surface that is different from Ub, NEDD8, and SUMO-1. As shown in Figure 4 , the first surface view of the UbL domain (A) displays a large hydrophobic patch surrounded by positively charged epitopes (contributed by Arg27, Arg29, Lys37, Arg65, Arg71, and Lys86), which is similar to Ub (B) and NEDD8 (C), but dissimilar to SUMO-1 (D). The region is also the binding interface of Ub and NEDD8 with their specific enzymes or interaction factors (Goettsch and Bayer 2002) , suggesting that this region is also a binding interface of the UbL domain in DC-UbP with specific interaction factors. Opposite the positively charged region, on the other side of the b-sheet of the UbL domain (E), there is a large positively charged surface formed by Arg41, His48, Lys50, Arg51, Arg52, His54, and Lys76 in the domain, which is absent on the corresponding surfaces of Ub (F), NEDD8 (G), and SUMO-1 (H). This charge topology difference might implicate an alternative interaction pattern or biological function for the UbL domain of DC-UbP, which remains to be discovered.
In summary, the solution structure of the UbL domain of DC-UbP shares a common topology of UbL fold. The distinct charged surfaces and internal dynamics suggest its specific binding partners with biological significance.
Materials and methods
Protein expression and purification
The DNA fragment encoding the UbL domain of DC-UbP (residues 85-190, numbered 1-106) from human dendritic cell was cloned into the pET22b (+) vector. The plasmid was transformed into Escherichia coli BL21(DE3) cells. The fragment protein was separated by affinity chromatography using Ni-NTA agarose resin (QIAGEN) and further purified by 
Circular dichroism measurements
The far-UV CD experiments were performed on a Jasco-J715 spectropolarimeter at room temperature. The spectra of 190-to 250-nm wavelength range were recorded with a bandwidth of 1 nm, a speed of 20 nm/min, and a response time of 0.25 sec. Each spectrum was the average of three consecutive scans, followed by subtracting the baseline for buffer solutions (20 mM phosphate, 100 mM NaCl [pH 7.0]). The protein concentration for far-UV CD measurements was about 0.2 mg/mL.
NMR spectroscopy
All NMR measurements were carried out at 25 C on a Varian INOVA 600 spectrometer equipped with three RF channels and a ) coupling constants measured by HNHA experiment. Solvent-exposed amides were mapped using Clean SEA-HSQC experiments (Lin et al. 2002) .
Structure calculation
The NMRPipe software suite (Delaglio et al. 1995) was applied to process the NMR data, and NMRView (Johnson and Blevins 1994) software packages were used for picking resonance peaks and for data analysis. The CNS program (Bru¨nger et al. 1998 ) with the ARIA module (Nilges et al. 1997 ) was adopted to assign NOE peaks and to calculate structures. The protein structures were displayed by using the MOLMOL program (Koradi et al. 1996) . Hydrogen bond restraints (two per hydrogen bond) were generated by a combination of H/D exchange data, medium-range NOEs, and CSI. Backbone dihedral angle restraints (f and C) were derived from the (Vuister et al. 1993 ) and the chemical shifts by using TALOS program (Cornilescu et al. 1999 ). The restraint range was extended to 650 for the residues located in b-strands and to 630
for the residues located in other regions. The restraints used for structural calculation are summarized in Table 1 .
The structural calculation in combination with iterative NOE peak assignments were performed for nine cycles and a total of 150 structures were finally obtained. The solution NMR structure generated from the calculation is represented by the 15 lowest energy structures out of the 150 structures. 
Determination of backbone relaxation parameters
All 15 N relaxation data were acquired at 25 C using twodimensional proton-detected heteronuclear NMR experiments implementing the standard pulse sequences (Farrow et al. 1994) . Spin-lattice relaxation rates (R 1 ) were measured in a series of spectra with relaxation delays of 10, 200, 400 (32), 600, 800, 1000, 1200, 1400, 1600 (32), and 1800 msec. Spinspin relaxation rates (R 2 ) were determined with relaxation delays of 10, 30 (32), 50, 70, 90, 110 (32), 130, 150, 170, and 190 msec. A recycle delay of 1.5 sec was used for measuring R 1 and R 2 relaxation rates. The spectra for { 1 H}-15 N heteronuclear NOE measurements were recorded with a 2-sec relaxation delay followed by a 3-sec period of proton saturation. The spectra recorded in the absence of proton saturation employed a relaxation delay of 5 sec. All spectra were processed using NMRPipe and NMRView software. The relaxation rates, R 1 and R 2 , were obtained by fitting measured peak intensity to a two-parameter function using a nonlinear leastsquare fitting algorithm (Press et al. 1989) . Uncertainties in peak intensity were determined from duplicated spectra. The steady-state { 1 H}-15 N NOE enhancements were calculated as the ratio of peak intensity in spectra recorded with or without proton saturation. The standard errors were determined from two data sets.
